In this paper, we investigated structural, optical and magnetic properties of mechanically milled In 2 O 3 nanoparticles in the cubic bixbyite phase. It was observed that mechanical milling induces an important increase in the density of defects, strain and hexagonal phase transition for cubic In 2 O 3 nanoparticles. Remarkably, room temperature ferromagnetism was observed after mechanical milling. The hexagonal phase of In 2 O 3 nanoparticles (H-In 2 O 3 ) which is usually obtained in a hightemperature and pressure environment was clearly observed for the sample submitted to higher milling times which considerably affects the magnetic and optical properties. The physical origin of the FM order of mechanically milled In 2 O 3 nanoparticles has been ascribed to the increase in the density of defects and strain.
Introduction
The observation of ferromagnetic order (FM) in undoped oxides has attracted much attention over the last years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Its nature is usually associated to structural defects, such as oxygen vacancies and/or microstructural defects (lattice strain). Actually, the FM order was observed in different undoped semiconductor oxide systems, such as ZnO [1, 2] , CeO 2 [3] , HfO 2 thin film [4] , ZnO nanoparticles [1] , TiO 2 nanotubes, [5] , CeO 2 nanoparticles [6] and electrodeposited thin films [7] , SnO 2 thin films [8, 9] , and In 2 O 3 nanoparticles [10, 11] . Although these systems have not unpaired ions with d or f electron spins, they exhibit a ferromagnetic order even at room temperature. This magnetic behavior is usually called 'd 0 ferromagnetism' or defect-magnetism [12] and usually occurs in materials which do not have cations with partially filled d or f shells which is the condition for exchange interaction and consequently observation of ferromagnetism order. In spite of all efforts, there is still a controversy considering its FM behavior of In 2 O 3 and further studies are necessary to unveil the nature of this order in this oxide. For example, Sundaresan et al [13] and Cao et al [10] observed ferromagnetic behavior in In 2 O 3 nanoparticles and attributed it to the presence of oxygen vacancies (V 0 ) at the surface of nanoparticles. Qaseem et al attributed the ferromagnetism in pristine indium oxide nanoparticles to the defect density and finite size effect [14] . However, previous studies of optical, structural, electrical and magnetic properties of In 2 O 3 thin films grown by radiofrequency magnetron sputtering indicates that single ionized oxygen and indium vacancies are the key factors to mediate the ferromagnetism in this system [15] . Xiao et al has theoretically investigated states of the oxygen-depleted In 2 O 3 (001) surfaces through firstprinciple density functional calculations. The authors assume that ferromagnetism arises from the interaction between In s-p hybridization orbits [16] . Therefore, there are still several open questions associated to the effect of structural defects or vacancies in this oxide system.
In this paper, we have investigated the structural, morphological, optical, and magnetic properties of the cubic bixbyite phase of In 2 O 3 nanoparticle samples prepared by mechanical milling processes for different times. Our studies were performed by using x-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM), Raman spectroscopy, pPhotoluminescence (PL) and magnetization techniques. The samples have shown room-temperature ferromagnetism after mechanical milling. A hexagonal phase of In 2 O 3 was also observed for the higher milled time sample. Our results have shown that mechanical milling has induced an important increase in intrinsic defects such as strain and oxygen and indium vacancies which result in room temperature FM in undoped In 2 O 3 .
Experimental details
Commercial In 2 O 3 powder (purity: 99.9%) was milled under air in a planetary ball mill with milling time t m =6, 12, 24, 48 and 96 h. Zirconia grinding balls were used in order to avoid any contamination with magnetic impurities and the ball-to-powder mass ratio was fixed to 10:1. The crystalline structures of the samples were investigated by x-ray diffraction (XRD) using a Rigaku powder diffractometer (Model D/Max-2500PC) with CuKα radiation (λ=1.5418 Å) and Bragg-Brentano geometry mode θ−2θ in the range of 10°-80°at a scan speed of 0.5 o /min, with a step of 0.02°. Rietveld refinements [17] were performed using the free GSAS-EXPGUI software [18, 19] . The fitting procedure quality can be followed using the goodness of fit (S parameter), and it was described in the literature that if S is close to 1, it indicates an excellent fitting process [20] . The structure and size of the particles could be determined by the HRTEM technique, using a FEI microscope (model Tecnai G2 F20, FEI), operating at 300 kV.
Raman spectroscopy experiments were performed using a 514.5 nm laser and 0.5 m Andor spectrometer coupled with Si detector and appropriated filters. The estimated resolution is about 1.2 cm −1 and the Raman spectra was recorded in the range of 120 to 1600 cm −1 at room temperature. Macro-PL measurements were performed using a 500 M Spex spectrometer coupled with a GaAs PMT for the visible spectral region. A Kimmon He-Cd laser (line 325 nm) was used as the excitation source for PL measurements. For both measurements, the laser spot diameter on the sample is around 400 μm. Magnetic properties were characterized by using a SQUID -VSM magnetometer (MPMS®3-Quantum Design). Magnetization measurements were performed as a function of the magnetic field in the temperature range from 5 to 300 K. Magnetization measurements as a function of temperature were performed with zero field cooled (ZFC) and field cooled (FC) protocols. The In 2 O 3 samples were measured in squid using gelatin capsules supplied by Quantum Design. Extreme precautions were taken during this and other procedures to avoid contamination of the samples with magnetic impurities 3. Results and discussions 3.1. Structural and morphological properties Figure 1 shows the evolution of the x-ray diffraction patterns (XRD) of In 2 O 3 commercial powder, (t m =0 h) and milled at different times: 6, 12, 24, 48 and 96 h. The green vertical bars correspond to the indexation using the Inorganic Crystal Structure Database, (ICSD no. 41265) for the cubic bixbyite phase In 2 O 3 (C-In 2 O 3 ). All XRD standards shown in figure 1 indicate the same structure of C-In 2 O 3 , spatial group: ( ) Ia3 , without the presence of any crystalline secondary phase in the range from 0 to 48 h. However, by increasing the milling time to 96 h, besides the C-In 2 O 3 , the new diffraction peak in the position around 32.7°appears (see asterisk in figure 1), indicating a phase transformation, promoted by the high energy condition. This peak can be indexed to the Bragg (110) peaks of the hexagonal structure (H-In 2 O 3 ), spatial group: ( ) R c 3 (ICSD No 016086). The observation of the phase transformation of C-In 2 O 3 to H-In 2 O 3 using a high-energy ball milling approach is in agreement with a previous study reported in the literature [21] .
The XRD patterns for the samples 0 h and 96 h are shown in more detail in figure 2(a) . The blue line corresponds to the difference between the experimental and calculated patterns using the Rietveld method [17] . A pseudo-Voigt function of Thompson-Cox-Hasting modified by Young and Desai (pV-TCHZ) as the profile function [22] was used in the fitting process. As can be observed, there is a broadening in the FWHM of the Bragg peaks and a decrease in the diffraction intensity as a function of the milling time. This variation in peak shape is related to a decrease in the average crystallite sizes (see table 1) and to structural distortion associated with the crystallinity of samples. In addition, a slight shift toward lower angles can be observed for longer milling time compared to commercial powder In 2 O 3 , as shown in figure 2(b) , due generally to the expansion of the lattice [23] . In agreement, we observed an increase in the strain in the samples as a function of the milling time. Details of XRD patterns around the highest intense peak. We remark that the highest intense peak which is associated to the plane (2 2 2) of phase C-In 2 O 3 shows a shift after 96 h milling time. An overlap between the peaks (321) and (110) of the cubic and hexagonal phase of In 2 O 3 was also observed, respectively, for the 96 h sample. Table 1 . Variation of crystallite size (D x-ray ), strain, lattice parameters with milling time as obtained by the Rietveld analysis.
Milling time (h)
Lattice parameter (Å) The structural parameters calculated by the Rietveld refinement are listed in table 1, in which we present lattice parameters, unit cell volume, crystallite size 〈D x-ray 〉, lattice strain and goodness of fit values which is an indicator that the refinement quality is suitable. It can be observed that the lattice parameter (a) increases in the milling samples when compared to the pure one, while the crystallite size decreases 54.8% for t m =6 h. On the other hand, the strain increases with increasing milling time. Phan et al [2] reported similar behavior in milled ZnO nanoparticles for longer milling time and claimed that this is due to the appearance of V Zn defects. Figure 3 shows TEM images for In 2 O 3 samples with different milling times: (a) 0 h, (b) 24 h and (c) 96 h. As can be seen from the low-magnification TEM image shown in figure 3(a), the sample commercial powder exhibits a morphology similar to nanocubes with an average particle size 〈D〉=36.4 nm. However, with the milling process, the samples exhibit a clear spherical character (figures 3(b), (c)) with 〈D〉=18.1 nm for the sample with t m =24 h and a bimodal particle size distribution, with 〈D 1 〉=12 (1) nm and 〈D 2 〉=23 (1) nm, for t m =96 h. In figure SI.4 (supplementary information is available online at stacks.iop.org/MRX/6/025017/ mmedia), the particle size histograms obtained from several TEM images are presented. All histograms were adjusted by a log-normal distribution, with the exception of the sample with t m =96 h that fitted to a Bigaussian distribution. Performing fast Fourier transform (FFT) locally in regions 1, 2 and 3 reveals the distinct patterns shown in figures 3(d), (e) and inset figure 3(f). The patterns in figure 3(d) were observed in the HRTEM images in different regions in all samples, disclosing the lattice fringe spacing of 4.12 Å (see representation in region 1 figure 3(b) ), which correspond to planes (211) lattice spacing of cubic In 2 O 3 . The pattern in figure 3(e) was observed only in the sample milling for 96 h and in a few regions, which we can infer corresponds to a minority phase. The lattice spacing of 2.72 Å (see the magnification of region 2 in figure 3(g)) can be observed, which corresponds to the plane (110) of the hexagonal structure (H-In 2 O 3 ) in accordance with the results of XRD. Figure 3(f) shows the reconstructed HRTEM image of region 3 for the sample with 96 h of milling. It can be clearly observed that the sample has structural defects, observed in figure 3 by the lack of linear behavior of the crystalline planes. Figure 4 shows the Raman spectra for different milling times. Five principal Raman peaks were observed at 134, 308, 366, 495 and 628 cm were also observed.
Raman spectroscopy
As discussed in the last section, the indium oxide compound has usually a cubic bixbyite-type (C-In 2 O 3 ) crystal structure at room temperature and atmospheric pressure, and belongs to the Ia3 space group with the point group T h [24] . For this crystal structure, the following vibration modes are predicted as [24] :
The vibrations with symmetry A g , E g , and T g are Raman active, while T u is infrared active and A u and E u are silent modes. Therefore, 22 Raman-active modes are expected to be observed for the C-In 2 O 3 structure. However, only six (6) are generally observed at an average wave number at 110, 133, 306, 366, 496 and 630 cm −1 [24] [25] [26] [27] . figure 4 . Therefore, all observed Raman peaks are consistent with the cubic bixbyite-type (C-In 2 O 3 ) crystal structure which were also evidence by XRD and TEM results. Furthermore, Raman peaks due to the C-In 2 O 3 crystal structure are observed for all milled samples. However, for some samples, these Raman peaks do not appear clearly mainly due to the increase of their linewidth and decrease of their intensity with the increase of milling time. On the other hand, the sample of 96 h milling time has clearly revealed an additional peak around 161 cm −1 which cannot be explained by the C-In 2 O 3 crystal structure. Figure 5 shows the Raman spectra in the range of 130-250 cm 
The vibration modes with symmetry A 1g and E g are only Raman active and A 2u and E u are only infrared active and, A 1u and A 2g are silent modes. The Raman Scattering spectrum is expected to show 7 peaks. Experimental results for the hexagonal phase [28, 29] have shown that the Raman spectra is dominated by an intense peak at around 164 cm sample in agreement to the XRD and HRTEM results which has also evidenced a hexagonal phase. In addition, it was not observed any Raman peak related to impurities or to indium-related secondary phases after mechanical milling in good agreement with the XRD results and x-ray Photoelectron Spectroscopy (XPS) analysis (Supplementary Information).
It was observed that all Raman peaks showed a systematic red shift with the increase in milling time. This shift has different values for each Raman peak. Particularly, a red shift of about Δω = 1.5 cm −1 was observed for the 366 cm −1 peak and of about 6.0 cm −1 for the 308 cm −1 peak. Figure 6 shows the observed red shifts for the most intense and resolved Raman peak at around 134 cm −1 . Actually, previous Raman scattering studies [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] of several nanosystems have shown a systematic red shift (Δω) in the range of 1 to 10 cm
, with the decrease in the nanocrystallite size. Therefore, the observed red shift of Raman peaks for our In 2 O 3 milled nanoparticles are fully consistent with previous reported values in the literature [30] [31] [32] [33] .
The nature of this red shift is not a consensus in the literature and was associated to different mechanisms: spatial confinement of phonons [35, [37] [38] [39] [40] [41] [42] ; strain-induced frequency change in phonon modes [25, 35, 36, [45] [46] [47] ; defect-induced frequency change in phonon modes [10, 34, 35, 48] . However, two or more of these mechanisms can coexist in a complex interaction, whereas the parameters associated with these mechanisms are closely related. The observation of changes in crystallite size (in the nano-scale range) usually implies change in the microstrain, surface and crystalline defects. Therefore, a complex relationship among strain, size effect, phonon confinement and defects in the sample is expected.
The inset in figure 6 shows the dependence of the Raman peak observed around 134 cm −1 with the milling time. It was observed more important variation in the range 0 h to 6 h and a negligible variation with increasing milling time up or 96 h. This behavior is similar to the observed for XRD results for strain and crystallite size (figure SI.2 (a) e (b) presented in Supplementary Information). Furthermore, as the milling time is increased, all Raman peaks have shown an important broadening, loose symmetry and decrease in intensity. These behavior evidence an increase of disorder in the crystalline structure, probably related to an increase in the density of defects which are mainly due to oxygen vacancies (V 0 .). Figure 7 show the full width half maximum (FWHM) of the Raman peak around 308 cm −1 as function of milling time. It was observed an increase of the FWHM with increasing milling time which is more pronounced in the range 0 h to 12 h. In general, the XRD and Raman peak position have shown some structural changes with increase milling time only for samples milled for the range 0 h to 6 h and an incomplete transition phase for 96 h. However, the change of FWHM ( figure 7) indicates that the long-range crystal order is affected during the whole milling process which evidences important formation of structural defects up to 12 h followed for a reduction in the defect formation for higher milling times. This reduction of the increase of defects is probably due to the formation of the incipient hexagonal phase. Figure 8 shows typical room-temperature macro-PL spectra of In 2 O 3 powder under several ball-milling times. A broad-band red emission band was observed around 623 nm. This PL band is usually related to the defect emission which is due to the optical recombination related to defects (oxygen vacancy and/or indium vacancy levels) [49, 50] . Several previous papers for indium oxide thin films and nanowires [50] [51] [52] [53] reported broad-band PL emission in the same spectral region, and were mainly ascribed to single ionized oxygen vacancies (  V O ). Although the laser excitation is 325 nm, we did not observe any evidence of near-band-edge emission, which is expected to be observed around 3 eV, probably due to a high density of defects in the In 2 O 3 nanoparticles.
Photoluminescence
After mechanical milling, the samples have showed no important changes in the PL spectra excepted for the 96 h milling sample which showed an important shift to lower wavelength (blue shift) of PL peak position. Several different effects could result in a PL blue shift such as: quantum confinement [30] , compressive strain [54] and a change to the hexagonal phase [55] . However, for the observed size of 20 nm, the contribution of the quantum confinement effect could be excluded. Concerning the effects of strain, it was shown previously that compressive strain usually increases the band gap of In 2 O 3 [54] . However, our XRD results indicate a lattice expansion. Therefore, a possible explanation for the observed blue shift of the PL band observed for the 96 h milled sample could be related to the appearance of the hexagonal phase (H-In 2 O 3 ) which were evidenced by XRD, HRTEM and Raman results. Actually, as mentioned previously, the band gap of the hexagonal phase is higher than the cubic phase [55] . Therefore, the emission related to oxygen vacancies defects in hexagonal phase is expected to be at higher energy which could explain this small blue shift for the sample milled at 96 h.
In conclusion, our PL results have evidenced the presence of vacancy oxygen defects. In addition, the PL spectra have also showed important changes for the sample milled at higher times which could be explained by the formation of hexagonal phase. Figure 9 shows the magnetization curves as a function of the applied magnetic field (MvsH), performed at 300 K, for NPs In 2 O 3 with different milling times. Figure 9(a) show the MvsH curve at 300 K for the sample t m =0. We observe a clear diamagnetic behavior at 300 K. ) for the samples with t m , 6, 12, 24, 48 and 96 h, respectively. A quantitative explanation of the dependence of magnetic saturation with increasing milling time is a complex issue as it could depend on the increase of the density of defects, strain and the possible contribution of additional crystal phase. The dependence of the 300 K coercive field and the strain (obtained from the Rietveld refinement in XRD) as a function of the milling time are shown in figure 10 , where both H C and strain exhibit similar dependence. It was observed that the strain and coercive field values increase for samples milled up to 24 h. After that, both show a decrease to t m =48 h and an increase in the t m =96 h sample. The strain behavior up to t m =24 h can be associated with the increased dislocations density arising due to the elastic deformations during milling. From a certain density of dislocations, the regions strongly stressed in the crystal ends up dividing into smaller particles. In addition, with very small particles the deformation occurs by particle boundary sliding. However, beyond the time when the particle size reaches a saturation value, if there are still dislocation (since at very small grain sizes make it difficult for dislocations to arise), they will be rearranged and some will be annihilated [56] . Therefore, the lattice strain shows a reducing in value as happened with t m =48 h. The increase for the t m =96 h is related to the presence of the H-In 2 O 3 phase.
Magnetic properties
The coercive field can be understood on the basis of Néel relaxation and the Bean-Livingston approaches, in which for an assembly of identical and non-interacting magnetic nanoparticles, follows the well-known relation:
Where M s is the saturation magnetization, 〈T B 〉 is an average blocking temperature, α=0.48 if the particles easy axis are randomly oriented or α=1 if aligned and K eff is the constant of effective magnetic anisotropy [57, 58] . From the relation (1), we find that the coercive field is directly proportional to K eff , which in our case, can be interpreted as a superposition of contributions from, surface anisotropy, magnetocrystalline, shape (magnetostatic energy) and stress (magnetoelastic energy) [59] . Although the relation (1) is widely used in the literature [60] , it does not consider the existence of a size distribution, as in real particle systems. In systems with particle size distribution, the magnetization of the superparamagnetic particles whose portion increases with temperature, generates an average coercive field smaller than for the particle assembly that remain blocked, as proposed by Kneller and Luborsky [61] .
Considering that the powders of In 2 O 3 were milled in high-energy ball mills, we observed that our samples have high strain values (see figure 10) , and as a consequence, exhibit large elastic stresses. Therefore, the magnetoelastic anisotropy energy may contribute to K eff , which is directly proportional to H c. In addition, the histograms obtained through the TEM images exhibit different particle size distributions (see figure SI.4) , being that, the sample with t m =48 h having the thin size distribution. Consequently, at room temperature, a small fraction of blocked particles is responsible for the coercive field, in accordance with the decrease in Hc for this milling time.
Lastly, the behavior of the coercive field with increasing milling time is possibly the result of different contributions such as strain, particle size distribution and additional crystal phase.
To better understood the magnetic behavior of samples, magnetization measurements as a function of the temperature using the zero-field-cooled and field-cooled protocol (ZFC-FC) were performed with an applied magnetic field of 1 kOe over a wide temperature range (5T350 K) for the sample milled for 48 and 96 h, respectively, as show in figures 11(a), (b) . It was observed that below 30 K, both samples exhibit an increase in the magnetization curve that can be associated with an alignment of non-interacting magnetic moments due to the application of the magnetic field, in agreement with magnetic behavior observed at 5 K in MvsH data. In addition, the ZFC and FC curves behavior shown in figure 11 exhibit a shoulder peak at T máx in the ZFC curve and the presence of thermal hysteresis (bifurcation between the ZFC and FC curves) at low temperatures, similar to the behavior generally observed in superparamagnetic systems. The inset in figure 11 shows a magnification of the ZFC-FC curves at high temperatures. In both samples, the ZFC and FC exhibit thermal irreversibility at 300 K, characteristic of a system with particle size distribution, in agreement with the particle size distributions obtained by TEM (see figure SI. 4 (e) and (f)) and the hysteresis curves, MvsH at 300 K (see inset of figure 9(b) ), which exhibit blocked particles. However, the sample with t m =96 h shows an irreversibility between the ZFC and FC curves even at 350 K. In addition, the ZFC and FC curves show two points of inflection suggesting the presence of two average blocking temperatures as a result of bimodal particle size distribution (see figure SI.4(f) ).
The MvsH data measured with different temperatures for the sample milled for 48 and 96 h, respectively, are shown in figures 12(a), (b) . For all curves, the diamagnetic contribution was subtracted. In the inset, we show the coercive field as a function of temperature. We observed that at a low temperature (5 K), the sample clearly exhibited both paramagnetic and ferromagnetic behavior. The paramagnetic behavior is due to the noninteracting magnetic moments associated with defects. The inset in figure 12(a) shows the temperature dependence of the coercive field for the sample milled at t m =48 h. This behavior agrees with the relation (1), in which a decay of the coercive field is expected with the square root of the temperature. Similar behavior occurs in the MvsH curves for samples with t m =6, 12 and 24 h (not shown here). However, the temperature dependence of the coercive field, H C (T) for the t m =96 h sample (inset of figure 12(b) ) exhibits an unusual behavior with an increase up to a maximum around 100 K followed by a decrease. This unusual behavior can be interpreted on the basis of the large particle size distribution (see inset of figure 11(b) ), as a consequence of the appearance of the hexagonal phase. Initially, with the application of the magnetic field, the smaller particles are unblocked up to 5 K, as the temperature increases the thermal fluctuations lead to a reduction of the superparamagnetic susceptibility and consequently an increase of the Hc(T) is observed. Finally, for temperatures greater than 100 K a large number of particles are unlocked leading to a reduction of Hc (T).
Conclusions
Finally, our results of photoluminescence, magnetism, XRD, HRTEM and Raman show evidence of an important increase in the crystal structure disorder, mainly due to the increase in density of oxygen vacancies. The increase in intrinsic defects was associated to the observation of the ferromagnetism order in milled samples. In addition, the enhancement of local density of defects induces a change in cubic crystalline order favoring the growth of a new atomic arrangement. An increase in strain parameters was also observed, which was associated to the increase in the density of oxygen vacancy defects that locally reach a threshold and eventually form a hexagonal incomplete crystal phase (H-In 2 O 3 ). This new crystal phase affects the optical and magnetic properties of the mechanically milled sample.
In conclusion, we performed a detailed study of optical, structural and magnetic properties of mechanical milled cubic bixbyite phase In 2 O 3 nanoparticles. Diamagnetic behavior was observed for the commercial powder In 2 O 3 sample. Room-temperature ferromagnetism was observed after mechanical milling. PL and Raman results have evidenced the presence of vacancy oxygen defects. In general, we have shown that mechanical milling induces a significant increase in the density of defects, strain and favors the formation of the hexagonal phase for In 2 O 3 nanoparticles at higher milling times. In addition, it was observed that the hexagonal phase considerably affects the magnetic and optical properties (Raman and PL) of In 2 O 3 nanoparticles. Finally, the physical origin of room temperature FM order has been ascribed to the increase in the density of intrinsic defects and strain after mechanical milling.
